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(57) ABSTRACT 

Transmissivity is restored to a gallium stained substrate by 
directing an electron beam to the substrate in the presence of 
an etching gas. For higher concentrations of implanted 
gallium, the transparency can be substantially restored With 
out reducing the thickness of the substrate. For loWer doses 
of implanted gallium, the transmission is restored to 100%, 
although the thickness of the substrate is reduced. The 
invention is suitable for use in the repair of photolithography 
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ELECTRON BEAM PROCESSING FOR MASK 
REPAIR 

TECHNICAL FIELD OF THE INVENTION 

[0001] The present invention relates to charged particle 
beam processing to repair defects on lithography masks. 

BACKGROUND OF THE INVENTION 

[0002] Photolithography is a process that is used to create 
small structures, such as integrated circuits and microma 
chines. The photolithography process entails eXposing a 
radiation-sensitive substance, called photoresist, to a pattern 
of light or other radiation. The pattern is typically created by 
passing the radiation through a mask, Which is composed of 
a substrate With a pattern on its surface. The pattern blocks 
some of the radiation or changes its phase to create exposed 
and uneXposed areas on the radiation-sensitive material. In 
a binary intensity mask, the pattern is made of a light 
absorbing material on an otherWise transparent substrate. In 
a phase shift mask, the pattern consists of material that shifts 
the phase of the light passing through it to create an 
interference pattern on the photoresist that produces a sharp 
image. The image produced on the photoresist is referred to 
as the “aerial image” of the mask. The siZe of the structure 
that can be produced is limited by the Wavelength of 
radiation used; shorter Wavelengths can produce smaller 
structures. 

[0003] As photolithography processes are called upon to 
produce ever-smaller structures, lithography systems are 
being developed that use smaller Wavelengths of radiation, 
including ultraviolet and X-ray radiation. (The terms “light” 
and “photolithography” are used in a general sense to also 
include radiation other than visible light.) Systems are noW 
being developed that can produce structures having dimen 
sions 70 nm and smaller. Such structures can be fabricated 
by photolithography using light having a Wavelength of 193 
nm or 157 nm. Some photolithography masks used With 
such short Wavelengths use re?ective, rather than a trans 
missive, patterns on the masks because the substrates are not 
sufficiently transparent to such small Wavelengths of radia 
tion. In such masks, radiation is re?ected from the mask onto 
the photoresist. 

[0004] A photolithography masks must be free of manu 
facturing imperfections if the mask is to accurately produce 
the desired exposure patterns. Most neWly fabricated masks 
have some defects such as missing or eXcess pattern material 
and, before such masks can be used, the defects must be 
repaired. The requirement for smaller Wafer features in 
photolithography places increasing demands upon the tech 
niques used to repair defects on the photomasks. 

[0005] In the case of an opaque defect, that is, the presence 
of eXtra absorb or phase shift material, the defect can be 
repaired by removing the eXtra material using charged 
particle beam, for eXample, a focused beam of gallium ions. 
Unfortunately, the ion beam also damages the mask surface 
and implants ions into the substrate, Which adversely affects 
the transmission of light through the substrate. As shorter 
Wavelengths are used in photolithography, imperfections in 
the substrate have a greater effect on the aerial image of the 
mask. Any alteration of the substrate caused by the repair 
affects the mask performance, so neW mask repair tech 
niques are needed that Will reduce the effect of the repair on 
the substrate. 
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[0006] One method of reducing the effects of ion beam 
mask repair entails scanning a focused ion beam across a 
repaired area in the presence of an etchant gas, such as 
Xenon-di?uoride, to remove a surface layer of a substrate to 
improve light transmission. Such a process is described, for 
eXample, in US. Pat. No. 6,335,129 to Asano et al. US. Pat. 
No. 6,042,738 to Casey, Jr. et al. similarly describes scan 
ning a charged particle beam across a repaired area in the 
presence of Xenon-di?uoride. Removing substrate material, 
hoWever, changes the thickness of the substrate, Which in 
turn changes the phase of the transmitted light. The altered 
phase alters the aerial image, adversely affecting mask 
performance, particularly in a phase shift mask. Also, there 
are limits to hoW much implanted gallium can be removed 
by a process that entails directing a gallium beam toWard the 
surface. Thus, a method of restoring a mask close to its 
original performance is needed. cl SUMMARY OF THE 
INVENTION 

[0007] An object of the invention is to provide a technique 
to restore transparency to repair a repaired mask While 
maintaining the aerial image of the repaired mask similar to 
that of a mask manufactured Without the defect. 

[0008] The present invention entails directing an electron 
beam to a substrate having reduced light transmissivity, for 
eXample, from gallium atoms incidentally implanted by a 
focused ion beam used to remove material. In some embodi 
ments, the electron beam is directed to the substrate, pref 
erably in the presence of a gas, at a beam energy and dose 
such that the thickness of the substrate is not substantially 
decreased by the electron beam bombardment, yet the trans 
missivity of the substrate is substantially increased. By 
maintaining a thickness close to that of the original mask, 
the effect of the mask repair on the phase of the transmitted 
radiation is minimiZe. In other embodiments, the thickness 
of the substrate is decreased as the transparency is restored. 

[0009] The foregoing has outlined rather broadly the fea 
tures and technical advantages of the present invention in 
order that the detailed description of the invention that 
folloWs may be better understood. Additional features and 
advantages of the invention Will be described hereinafter. It 
should be appreciated by those skilled in the art that the 
conception and speci?c embodiment disclosed may be 
readily utiliZed as a basis for modifying or designing other 
structures for carrying out the same purposes of the present 
invention. It should also be realiZed by those skilled in the 
art that such equivalent constructions do not depart from the 
spirit and scope of the invention as set forth in the appended 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] For a more thorough understanding of the present 
invention, and the advantages thereof, reference is noW 
made to the folloWing descriptions taken in conjunction With 
the accompanying draWings, in Which: 

[0011] FIG. 1 shoWs a graph of etch depth and transmis 
sion as a function of electron beam dose for an electron 
beam process that Was applied to quartZ that had been 
heavily implanted With gallium. 
[0012] FIG. 2 shoWs a graph of etch depth and transmis 
sion as a function of electron beam dose for an electron 
beam process that Was applied to quartZ that had been 
processed by using a gallium ion beam to remove a chrome 
layer. 
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[0013] FIG. 3 shows graphs of transmissions at 193 nm as 
a function of electron beam dose for an electron beam 
process that Was applied to quartz that had been processed 
With a range of gallium ion beam doses. 

[0014] FIG. 4 shoWs graphs of transmissions at 157 nm as 
a function of electron beam dose for an electron beam 
process that Was applied to quartZ that had been processed 
With a range of gallium ion beam doses. 

[0015] FIG. 5 shoWs graphs of etch depth as a function of 
electron beam dose for an electron beam process that Was 
applied to quartZ that had been processed With a range of 
gallium ion beam doses. 

[0016] FIG. 6 shoWs graphs of transmissions at 197 nm as 
a function of gallium dose for processes that applied differ 
ent electron beam doses to gallium-implanted quartZ. 

[0017] FIG. 7 shoWs graphs of transmissions at 157 nm as 
a function of gallium dose for processes that applied differ 
ent electron beam doses to gallium-implanted quartZ. 

[0018] FIGS. 8 is a graph shoWing the transparency mea 
sured 193 nm illumination of each one of eigth 10 pm by 10 
pm trenches that Were milled in a quartZ substrate using a 
gallium ion beam. 

[0019] FIGS. 9A-9F shoW transparency plots as deter 
mined by an Aerial Image Measurement System of the eight 
10 pm by 10 pm trenches Whose transparency values are 
shoWn in the graph of FIG. 8. 

[0020] FIG. 10 an image of the transmission through the 
substrate, With the transparent areas, such as un-milled 
quartZ appearing dark and opaque area, such as the chrome, 
appearing light. 

[0021] FIGS. 11A, 11C, and 11E shoW scanning nano 
pro?lometer plots of the test sites and FIG. 11B, 11D, and 
11F shoW the location of the corresponding nanopro?lome 
ter traces in the respective trenches. 

[0022] FIG. 12 shoWs a dual beam system suitable for 
practicing the invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0023] As described above, directing a beam of gallium 
ions toWards the quartZ surface reduces the transparency of 
the surface, thereby adversely affecting the performance of 
a quartZ photolithography mask. Although this decrease in 
transparency can be intentionally used to make a portion of 
a mask relatively opaque, an incidental decrease in trans 
parency can also be an undesirable side effect When a 
gallium ion beam is used to repair an area that is not intended 
to be opaque. 

[0024] Applicants have found that the transparency of the 
repaired area can be restored by directing an electron beam 
in the presence of an etch-enhancing gas toWard the repaired 
area. Applicants have found that the effect of this process 
varies With the concentration of implanted gallium. 

[0025] When the implanted gallium is at a relatively high 
concentration, applicants have found that the transparency 
of the repaired area can be restored Without a substantial 
change in the substrate thickness. In some cases, the sub 
strate actually appears to sWell slightly, that is, the substrate 
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thickness is greater after electron beam bombardment that 
before. While the substrate thickness, and therefore the 
phase of the transmitted light, is substantially unchanged, 
the transparency of the repaired area is increased, typically 
to greater than 90% or 95%. For example, With an appro 
priate combination of dose and beam energy, an electron 
beam in the presence of XeF2 can substantially increase the 
transparency of a gallium-stained quartZ substrate, Without 
signi?cantly reducing the thickness of the quartZ. This is an 
unexpected and advantageous discovery, because quartZ 
removal itself causes a phase defect, Which is undesirable. 

[0026] When the implanted gallium has a relatively loW 
concentration, the substrate appears to etch more rapidly and 
there is more of a change in thickness as transparency is 
restored. For some application, the change in thickness is 
acceptable. For other application, it is desirable to avoid the 
change in thickness. 

[0027] Applicants hypothesiZe that perhaps the gallium in 
the quartZ combines chemically With the gas to form a 
compound that is either transparent or that is volatile and 
evaporates from the quartZ substrate. Alternatively, material 
maybe added to the substrate by the process, or the quartZ 
substrate may sWell so that the position of the surface 
remains unchanged despite the removal of gallium-stained 
quartZ. Another possible explanation for the transmission 
recovery may be that the process alters the gallium-stained 
quartZ in such a Way that the undesirable absorbing effect of 
the implanted gallium is neutraliZed. Regardless of the 
accuracy of any theories about the underlying mechanism, 
applicants have shoWn empirically that the invention can 
restore transparency Without a measurable effect on thick 
ness. 

[0028] FIG. 1 shoWs experimental results obtained for 5 
pm by 5 pm square area of quartZ etched to a depth about 44 
nm using a focused beam of gallium ions, Which implanted 
gallium at a relatively high dose of about 0.2 nC/MmZ. Thus, 
a depth of 44 pm, shoWn as a dashed line in FIG. 1, is the 
starting point for measuring the depth etched by further 
processing. After the gallium Was implanted, the area Was 
cleaned With an electron beam at dose ranging from 0.06 
nC/pm to 0.90 nC/MmZ, With a pressure of xenon di?uoride 
of about 5.5><10 '6 Torr in the process chamber. The squares 
represent the transmission, read against the scale on the right 
side of the graph, at a Wavelength of 193 nm, and the 
diamonds represent the thickness read against the scale on 
the left side of the graph. 

[0029] FIG. 1 shoWs a steady improvement in transmis 
sion from about 30to 95% as the electron beam doses 
increased up to about 0.6 nC/MmZ, and then the transmission 
is stable at about 95% for doses betWeen 0.6 IlC/[HIIZ and 
0.90 nC/pmZ. The thickness of the substrate appears to 
increase up to a dose of about 0.3 nC/MmZ, at Which dose the 
quartZ substrate appears to have expanded about 5 nm. As 
the electron beam dose increases further, the quartZ appears 
to begin etching. At a dose of about 0.6 nC/MmZ, the quartZ 
has etched about 3 or 4 nm, but the transmission is restored 
95%. 

[0030] In an application in Which the phase of transmitted 
radiation is important, one could effect a repair, for example, 
at about 0.55 nC/MmZ, and, although the transmission is not 
quite as high as at higher electron doses, the thickness is 
essentially unchanged. In other applications, one might Want 










